The Erwinia uredovora crtB, crtE, crtl, and crtY genes required for ,8-carotene biosynthesis were introduced by conjugal transfer into an ethanol-producing bacterium, Zymomonas mobilis, and a phytopathogenic bacterium, Agrobacterium tumefaciens, in which no carotenoid is synthesized. The transconjugants of Z. mobilis and A. tumefaciens carrying these genes appeared as yellow colonies and produced 220 and 350 ,ug of ,8-carotene per g of dry weight, respectively, in the stationary phase in liquid culture.
1-Carotene functions as a precursor of vitamin A in mammals (16) and as a pigment which protects higher plants against photooxidative damage (3, 7) . In recent years, this pigment has also attracted attention as one of the nutritional factors for cancer prevention (8) . In spite of such important functions, the genes which mediate the biosynthesis of 1-carotene are unknown. This is due to the fact that the carotenogenic enzymes are immediately inactivated by separation from a membrane environment, thus preventing their purification (1, 3) and the subsequent cloning of the genes pressed (10) . Geranylgeranyl PP1 should exist in the cells of many organisms, since it is synthesized by dimethylallyltransferase, a common enzyme in the early steps of the biosynthesis of sterols and terpenes as well as carotenoids (15) . It is therefore feasible that our carotenoid biosynthesis genes are capable of producing carotenoids in many cells which are not able to synthesize carotenoids. With this in mind, we introduced the crtB, crtE, crtI, and crtY genes required for 13- tumefaciens C58ClRif(pBICAR16) on an LB agar plate containing kanamycin. 13), creating the hybrid plasmid pZACAR16 (Fig. 1) . The 6.0-kb fragment was also ligated to a large filled-in SmaI-SstI fragment, thereby removing the ,-glucuronidase gene from the binary vector pBI121 (Clontech Laboratories, Inc.), which is capable of replicating in A. tumefaciens, creating the hybrid plasmid pBICAR16 (Fig. 1) .
Hybrid plasmids pZACAR16 and pBICAR16 were introduced into Z. mobilis NRRL B-14023 and A. tumefaciens C58ClRif (5), respectively, by conjugal transfer with the helper plasmid pRK2013 (19, 20) . The Zymomonas and Agrobacterium transconjugants appeared as yellow colonies on RM agar plates (Z. mobilis) composed of 1% yeast extract (Oxoid Ltd.), 2% glucose, 0.2% KH2PO4, and 1.5% agar (18) containing chloramphenicol (100 ,ug/ml) and nalidixic acid (100 ,ug/ml) and on Luria broth (LB) agar plates (A. tumefaciens) composed of 1% tryptone (Difco Laboratories), 0.5% yeast extract (Difco), 1% NaCl, and 1.5% agar (9) containing kanamycin (50 ,ug/ml) and rifampin (100 ,ug/ml). These yellow transconjugants are shown in Fig. 2 . Plasmid DNAs were prepared from these Zymomonas and Agrobacterium transconjugants by the alkali method (2), subjected to restriction enzyme analysis (9) , and found to be maintained stably in these strains.
Z. mobilis(pZACAR16) was grown at 30°C in T medium composed of 1% yeast extract, 10% glucose, 1% KH2PO4, 1% (NH4)2SO4, and 0.05% MgSO4 7H20 containing chloramphenicol. A. tumefaciens(pBICAR16) was grown at 28°C in LB medium containing kanamycin. A yellow pigment was extracted from cells of the stationary phase in the dark with cold acetone. Hexane was added to the acetone extract, and water was added until two phases separated. The lower aqueous phase was removed, and the upper yellow solvent layer was washed three more times with water. The hexane layer was evaporated to dryness. The yellow pigment obtained was dissolved in 2-propanol and subjected to highpressure liquid chromatography; the column (3.9 by 300 mm; Nova-pak HR 6, u C18 [Waters]) was developed with acetonitrile-methanol-2-propanol (90:6:4) (17). UV-visible spectra of elution peaks were measured with a Waters M-490 multiwavelength detector. As a result, the yellow pigments accumulated by Z. mobilis(pZACAR16) and by A. tumefaciens(pBICAR16) proved to be identical to n-carotene (all trans-P,B-carotene), with a flow rate of 1 ml/min and a retention time of 62 min, by using the commercial authentic sample (Sigma Chemical Co.). Figure 3 shows the production rate of p-carotene in these Zymomonas and Agrobacterium transconjugants and the growth curves. The synthesis of n-carotene by these strains almost appears to be correlated with the number of cells. In the 28 h of cultivation corresponding to the stationary phase, Z. mobilis (pZACAR16) and A. tumefaciens(pBICAR16) produced 280 ,ug of n-carotene per liter of culture (220 jig/g of dry weight) respectively. In pBICAR16, the 1-carotene biosynthesis genes are inserted with the opposite orientation to that in the cauliflower mosaic virus (CaMV) 35S promoter (14) . We also constructed a hybrid plasmid carrying these genes in the same orientation as in the CaMV 35S promoter, but this hybrid plasmid was not introduced into A. tumefaciens. It is generally true that a foreign gene inserted with the same orientation as in the CaMV 35S promoter in pBI121 is also well expressed in A. tumefaciens. It is therefore likely that ,B-carotene production at a higher level in this bacterium may lead to the death of cells, presumably by disturbing a membrane environment.
No attempt to extend the range of utilizable sugars by genetic manipulation of Z. mobilis has resulted in success, although some foreign genes which encode sugar-degrading enzymes have been expressed in this microorganism (4, 6, 12) . The Z. mobilis cells accumulating 1-carotene may be able to be utilized as nutrients for farm animals after carrying out ethanol production. This means that there is another means of extending the sugar-utilizing ability, in order to exploit the potential of this bacterium for its commercial use in alcoholic fermentation.
